Abstract Bench to bedside progress has been widely anticipated for a growing number of neurodegenerative disorders. Of these, spinal muscular atrophy (SMA) is perhaps the best poised to capitalize on advances in targeted therapeutics development over the next few years. Several laboratories have achieved compelling success in SMA animal models using sophisticated methods for targeted delivery, repair, or increased expression of the survival motor neuron protein, SMN. The clinical community is actively collaborating to identify, develop, and validate outcome measures and biomarkers in parallel with laboratory efforts. Innovative trial design and synergistic approaches to maximize proactive care in conjunction with treatment with one or more of the promising pharmacologic and biologic therapies currently in the pipeline will maximize our chances to achieve meaningful outcomes for patients. This review highlights recent promising scientific and clinical advances bringing us ever closer to effective treatment(s) for our patients with SMA.
Introduction
The term spinal muscular atrophy (SMA) encompasses a broad spectrum of disorders affecting the motor unit. However, by far the most common of the spinal muscular atrophies is proximal SMA due to a homozygous deletion and/or point mutations of the survival motor neuron gene SMN1. Proximal SMA is an autosomal-recessive disorder characterized by degeneration of motoneurons of the anterior horn of the spinal cord and brainstem, resulting in progressive muscular weakness, atrophy, respiratory insufficiency, and premature death in the majority of those affected.
SMA is one of the most common neuromuscular disorders, with a birth incidence of at least 1 in 10,000. Proximal SMA is classified into clinical subtypes based on age of disease onset and maximal motor function achieved (Table 1) [1] . A significant challenge in translating treatments successfully from bench to bedside is the early onset of symptoms in the majority of affected individuals. SMA type I, the severe infantile variant, accounts for at least 50% of cases. Those with SMA type II account for another 20% to 30%, with a mean onset of symptoms less than 1 year of age. At first glance, this apparent narrow window of opportunity for therapeutic intervention would seem an insurmountable barrier. However, the increasing potency and efficacy of new therapies have improved outcomes in severely affected animal models and provide great hope that significant progress toward truly effective and life-changing treatment interventions will be realized.
In this review, we explore recent insights gained regarding natural history, epidemiology, and pathophysiology of SMA; highlight particularly exciting and timely advances in both SMN-directed and non-SMN-directed therapeutic approaches; and briefly summarize recent clinical trial efforts, proactive care interventions, and rehabilitative strategies. We aim to complement other excellent recent reviews, including those by Pruss, Shababi, and Kolb, with the intent to extend or supplement their observations [2•, 3•, 4, 5] . Natural History, Epidemiology, and Genotype/ Phenotype Correlations Natural history studies in SMA are invaluable in increasing our understanding of the broad phenotypic spectrum and pattern of disease progression in SMA. A recent retrospective review of 237 cases from China emphasizes the worldwide burden of this disease, and reiterates key concepts regarding the natural history of disease progression [6] . The absence of aggressive respiratory interventions in this population provide valuable natural history data that parallels the important observations of Zerres et al. [7] from nearly two decades ago. Mean ages of onset for types I, II, and III were 3.1, 8.7, and 21.1 months, respectively. Survival probabilities for SMA type I children at 1, 2, and 5 years were 45%, 38%, and 29%. Type I infants with onset after 2 months of age had a significantly Birth-6 months~32% survival probability at 2 years [7] Infantile onset of generalized hypotonia, weakness, impaired bulbar function, respiratory insufficiency.
Werdnig-Hoffman disease
Unable to sit unsupported II 6-12 months~70% survival to adulthood [7] Onset of proximal limb weakness in infancy, with progressive weakness, respiratory insufficiency, scoliosis, joint contractures in childhood.
SMA, Dubowitz-type increased survival compared to those with earlier onset, reinforcing the prognostic value of age at onset of symptoms, which has been consistently demonstrated across and within subtypes as a significant predictor of phenotypic severity. Signs and symptoms arising outside the motor unit in SMA animal models have been increasingly recognized. In the past two decades, peripheral sensory nerve involvement, congenital arthrogryposis, congenital bone fractures, and congenital heart defects have been reported in a relatively small proportion of severely affected infants with SMA, most often in those with apparent prenatal onset or early infantile phenotypes [8] [9] [10] [11] . Although differences between patients and SMA animal models are to be expected, each new observation in SMA animal models deserves careful consideration of its potential relevance, if any, to human patients. Shababi et al. [12•] recently described developmental cardiac defects in a severely affected mouse model. They further characterized the evolution of pathologic responses including fibrosis and oxidative stress in a less severe model of disease, and concluded that cardiomyopathy is likely contributing to premature death in these animals [12•] . In parallel, Bevan et al. [13] demonstrated early heart failure in the SMNΔ7 mouse model that was rescued with postnatal scAAV9-SMN delivery. Further study of both human patients and animal models will be required to better understand the significance of these observations, particularly given the absence of recognized cardiomyopathy in autopsy studies of SMA type I infants and children.
In comparison to other forms of SMA, the breadth of phenotypes encompassed by 5q SMA is striking considering its common origin from a homozygous SMN1 exon 7 deletion in the majority of those affected. In spite of its classification as a proximal SMA, neurophysiologic studies clearly illustrate profound distal denervation as an early manifestation of the severe infantile phenotype [14] . Wee et al. [15•] recently reviewed progress in defining the clinical and genetic features of at least 16 distinct forms of SMA inclusive of 5q proximal SMA. Each of these disorders presents a unique phenomenology with respect to age at onset, severity, and pattern and distribution of muscle weakness. Ultimately, continuing advances in the characterization of these different forms of SMA and their causative genes, which encode proteins ranging in function from transcriptional regulation to RNA processing to cytoskeletal dynamics, may help to identify shared pathways that contribute to the more severe motor neuron disease phenotype observed in infants with SMA type I.
For now, SMN2 dosage remains the most potent modifier of phenotype, with an inverse relationship between SMN2 dosage and disease severity. This observation has been instrumental in driving therapeutics development. Nevertheless, phenotype correlation with SMN2 dosage remains insufficient for use in clinical practice for prognosis, a point worth emphasizing given the increasingly widespread application of this assay to newly diagnosed patients. Current molecular techniques used to determine SMN2 dosage typically do not detect intact copies but rather target exon 7 only, providing potentially incomplete genotypic data. Although one must be cautious about using SMN2 dosage for prognosis, the identification of two SMN2 copies in a child with early infantile onset, particularly if respiratory muscle weakness is already apparent, is helpful to predict SMA type I.
Several studies in the past year sought to determine whether additional clinical criteria could improve the correlation between SMN2 dosage and SMA severity within the standard classification of disease subtypes, defined largely by maximum achieved motor function (Table 1) . Petit et al. [16] reported correlation between SMN2 dosage and phenotype in a cohort of 103 patients with homozygous SMN1 deletion. They characterized disease severity, age at death, loss of ambulation, and brainstem involvement (defined as the presence of facial weakness, chewing or swallowing difficulty, dysphonic voice, and/or tongue fasciculation with lingual atrophy). Among the three SMA types, SMN2 dosage was significantly higher when these manifestations were absent. However, the presence of brainstem involvement did not correlate with SMN2 dosage within a specific SMA cohort. For patients with SMA type I, there was a strong correlation between survival time and SMN2 dosage, and for patients with SMA type III, loss of ambulation correlated with a significantly lower number of SMN2 copies. Among patients able to walk, ambulation conservation, but not the age at which ambulation was lost, correlated with SMN2 dosage [16] .
In 2008, Oprea et al. [17] first proposed plastin 3 (PLS3) as a phenotypic modifier, when they discovered that SMN1-deleted female siblings appeared to be protected from disease progression in association with higher PLS3 expression. Stratigopoulos et al. [18] recently further explored the association of PLS3 expression with disease severity in a cohort of 88 patients with SMA types I, II, and III by measuring mRNA levels and examining the relationship to SMA type and SMN2 copy number. Although younger patients demonstrated generally higher levels, PLS3 levels correlated with SMA type, SMN2 copy number, and gross motor function only in post pubertal females. Further studies are clearly warranted to explore the relationship of PLS3 expression to age, gender, disease phenotype and progression.
Population-based carrier screening remains controversial, in large part due to the increasing complexity of options for genetic screening in the prenatal setting. However, improved technologies will continue to enhance opportunities for early diagnosis and counseling. BenShachar et al. [19] reviewed the clinical implications of large-scale population carrier screening for SMA. Screening of 6000 individuals resulted in detection of 159 with a heterozygous deletion of SMN1 exon 7 in the absence of a family history of SMA. In 11%, two or more SMN1 exon 7 copies were in a cis configuration, confirming results from prior studies that a certain percentage of deletion carriers will be missed using multiplex ligation-dependent probe amplification or similar quantitative assays. Nevertheless, their observation of a carrier frequency of 1 in 40 supports population-based carrier screening for SMA [19] .
Recent Advances in SMA Pathophysiology
SMN is critical for the biogenesis of small nuclear ribonucleoprotein particles (snRNPs) involved in spliceosomal assembly. Thus, multiple downstream targets for aberrant splicing could impact cellular function and contribute to disease pathogenesis; however, the critical downstream target(s) remain elusive. The relative selective vulnerability of motor neurons continues to provoke ongoing speculation, although it is increasingly apparent that, at least in infants with type I SMA, cells besides the lower motor neuron (LMN) are affected. The importance of non-LMN related symptoms as relevant therapeutic targets remains a point of controversy. Investigators over the past decade have performed a variety of complex experiments to determine when and where SMN expression is critical, and which tissues besides motor neurons are impacted by SMN deficiency, thus influencing the phenotype. Controversy about when and where the sentinel event occurs within the motor neuron, and whether it is the cell body, axon, or neuromuscular junction, remains as a topic of lively discussion. Ongoing speculation about contributions from skeletal muscle and its relevance as a therapeutic target also persist.
Arguably the most important new observation concerning pathophysiology in SMA relates to recent publications describing synaptic defects in the spinal and neuromuscular neuronal circuitry, with clear documentation of functional impairment of sensory-motor connectivity in the SMNΔ7 mouse model. Ling et al. [20••] examined the neuromuscular circuitry as it pertains to hindlimb function, demonstrating that nearly all neuromuscular junctions remained fully innervated at the end stage of disease, and despite a reduced quantal content, were capable of eliciting muscle contraction. However, they observed an estimated 30% loss of synapses onto spinal motor neurons in the lateral columns of the lumbar spinal cord and a clear reduction in proprioceptive sensory neuron input, which they hypothesized contributed to the observed reduction in vesicular glutamate transporter 1-positive synapses. They further demonstrated that this loss of synaptic vesicles occurred progressively, indicating a primary defect in synaptic maintenance rather than a failure to form synapses. They presented a broader conceptualization of the pathogenesis in SMA that involved multilevel synaptic involvement. Mentis et al. Figure 1 represents an updated vision of the relevant circuitry involved in disease pathogenesis, indicating not only a motor neuronopathy, but also impaired synaptic feedback of prioprioceptor neurons back onto α motor neurons within the spinal cord. In contrast to what is observed in the SMNΔ7 mouse model, autopsy studies in SMA type I infants clearly show significant motor neuron loss within the spinal cord as well as severely denervated limb muscles. One might speculate that the recently observed cardiomyopathy affecting these mice could conceivably be contributing to their demise before the full evolution to motor neuron cell death and severe peripheral denervation of limb musculature has occurred. However, the timing of these events as observed in the mouse model, and how they may relate to the process occurring in SMA patients, remains uncertain. An easily measurable electrophysiologic marker of the integrity of prioprioceptive input onto motor neurons is the H-reflex. However, unless patients are identified and tested prior to symptom onset, demonstrating parallel pathogenic mechanisms in human patients is challenging, since H-reflexes are often already absent at the time of symptomatic presentation, at least in type I infants [22] . Should newborn screening permit early identification of infants at risk for disease progression, prospective monitoring of H-reflexes could provide compelling evidence to affirm the significance of these observations in the SMA animal model.
Ito et al.
[23] performed detailed postmortem neuropathologic analyses on spinal cords obtained at autopsy from two fetuses with SMA, 5 SMA type I infants, a young teen with SMA type I, and an older teen with SMA type II, all with confirmed clinical and genetic diagnoses. Histopathologically, LMNs showed immature profiles characterized by fine Nissl bodies restricted to the periphery of small round somata with a few cell processes in the fetal period, and small-sized profiles in the postnatal period. Based on these observations, they hypothesized that LMNs undergo a reduction in size and number in the fetal period, ballooned neurons appear postnatally, and the remaining LMNs diminish with age. A relative preservation of surviving [25] injected SMNΔ7 mice on postnatal day 1 with a self-complementary adenoassociated virus (scAAV9) vector containing SMN1 along with a chimeric intron downstream of the phosphoglycerate kinase promotor to overexpress human SMN, successfully rescuing 100% of these mice, increasing life expectancy from a mean of 13 days to 199 days, with some animals surviving much longer. This intervention also completely rescued motor function and dramatically improved the weight loss phenotype. These results parallel recent observations in two additional laboratories, attesting to the reproducibility and robustness of a single, early delivery of SMN in abrogating disease severity [25] [26] [27] .
Current SMA mouse models have been limited by their short lifespan, the significant delay in appearance of symptoms, or a subtle phenotype. Gladman et al. [28] recently generated a novel mouse model with a mouse minigene with the C>T mutation in exon 7 present that has been previously associated in humans with a later-onset type III phenotype. The C>T mutation appears to be sufficient to induce exon 7 skipping in the mouse minigene as in the human SMN2. The resulting mice exhibit exon 7 skipping and an adult-onset SMA phenotype characterized by muscle weakness, decreased activity, and an alteration of the muscle fibers size. This will be yet another potentially valuable tool to assess promising therapeutics, particularly neuroprotective agents.
Bevan et al. [29•] recently reviewed the broader challenges facing systemic gene delivery. The early administration required to achieve such a robust improvement in phenotypic outcomes, however, should make us cautious about assumptions regarding its potential benefit as a therapeutic strategy in already symptomatic patients. Phase 1 studies in human subjects should probably be targeted to type I infants. Careful attention to clinical trial design, and to moderating expectations of parents regarding this extremely promising therapeutic strategy in already symptomatic type I infants, will be critical to the successful execution of clinical trials.
Antisense oligonucleotide (ASO)-based strategies are proving to be one of the most potent contenders in therapeutics development for SMA [30, 31] . Because the critical difference between SMN1 and SMN2 is a C-to-T peripheral SMN restoration is essential for long-term rescue in severe SMA animal models, further dramatically prolonging survival by using both CNS and systemic delivery. This has important therapeutic implications in humans, specifically for infants with SMA type I. Biondi [35] recently published data indicating that in vivo NMDA receptor activation robustly extended the lifespan in two different relatively severe SMA mouse models. NMDA receptor activation appears to accelerate maturation of motor units postnatally, reduce apoptosis, and increase SMN expression via an impact on SMN2 transcription. The pathway implicated in increased SMN expression appeared to involve reactivation of the CaMKII/AKT/CREB pathway. They propose NMDA receptor activation as a novel therapeutic neuroprotective strategy for preventing cell death of motor neurons in SMA.
Xu et al. [36] investigated the mechanism by hydroxyurea (HU) that increases flSMN transcripts in SMA patientderived lymphocytes. HU had previously been shown to increase flSMN transcript in cultured lymphocytes from patients with SMA. Because nitric oxide (NO) is a major intracellular metabolite of HU, they decided to test whether NO donors themselves could enhance flSMN2 expression. Interestingly, they demonstrated that HU as well as other NO donors appears to enhance SMN2 expression through the release of NO, and proposed that NO donors may themselves be considered as candidate therapeutics in SMA. However, the significance of these observations remains unclear in light of the absence of clearly demonstrated benefit in either SMA animal model studies or clinical trials to date.
Farooq et al. [37] demonstrated that the delivery of a novel therapy, prolactin, increases SMN expression in both mouse models of SMA and human cell lines via the STAT5 pathway. In a severe SMA animal model, subcutaneously delivered prolactin to upregulate SMN in brain and spinal cord resulted in a marked improvement in motor function, but only modest improvement in survival. Further studies are needed to understand the role of the STAT5 pathway as a therapeutic target in SMA.
Because patients present at various stages of disease progression and SMN restoration therapy in individuals with SMA will undoubtedly occur after symptom onset unless newborn screening becomes a reality, a key question in the field has been to better define when SMN upregulation or replacement is necessary to observe benefit. This issue is particularly important because the most dramatic rescue to date in SMA animal models has occurred with very early delivery, creating uncertainties about the viability of these therapies in already symptomatic patients. Lutz et al. [38] generated SMA model mice harboring an inducible Smn rescue allele. Inducing expression of SMN to an estimated 40% of wild-type levels following onset of symptoms at postnatal day 4 in an animal model of severe SMA resulted in a profound improvement in motor function and survival, providing additional confidence that delivery of SMN-directed therapeutics in already symptomatic patients is a viable therapeutic strategy, although clearly interpreting how these observations will relate to patients in clinical trials remains a challenge.
Jodelka et al. [39] identified an apparent feedback loop in SMN expression in which SMN protein abundance appears to affect the splicing of the SMN2 exon 7. Cells depleted of SMN, as well as patient-derived cells, demonstrated reduced SMN protein levels that correlated with decreases in cellular small nuclear RNA levels and SMN2 exon 7 splicing. Altering levels of individual snRNPs distinctly influenced SMN2 alternative splicing. These results indicate that a modest increase in SMN protein may cause a disproportionately larger increase in SMN expression. Understanding this mechanism may prove profoundly important for assessing the relative value of new therapies, which can capitalize best on this mechanism.
Stem cell technologies continue to prove fruitful for the investigation of motor neuron diseases, including SMA, and have potential treatment value via a variety of proposed mechanisms. Lunn et al. [5] comprehensively reviewed the different stem cell tools and strategies currently being utilized for mechanistic discovery and therapeutic development, including embryonic, adult, and induced pluripotent stem cells. They highlighted key issues that must be considered for the effective translation of stem cell therapies from bench to bedside, and reviewed preliminary data from the first-in-human phase 1 trial currently underway in patients with amyotrophic lateral sclerosis as a broader model for treatment intervention using such technologies in other motor neuron diseases, including SMA.
Recent Lessons from Clinical Trials and Studies in SMA
In interpreting results from clinical trials, it is important to carefully consider the strengths and limitations of each, including the potential power of any given trial to answer the specific questions posed by investigators. In particular, conclusions must be restricted to the scenario in which a given therapeutic intervention was applied to be rigorous, and to avoid being either overly optimistic, or pessimistic, about potential therapeutic value for a particular agent. Over the past few years, the synergistic collaboration of clinical investigators internationally has resulted in tremendous progress in our experience with a variety of outcome measures in diverse SMA populations that should prove instrumental in achieving success in the years ahead.
Three studies examining safety and/or efficacy of valproic acid (VPA) in various SMA populations have been reported in the past 2 years [40] [41] [42] . Swoboda et al. [40] reported the results of SMA CARNI-VAL Trial Part I, a double-blind, randomized, placebo-controlled trial of Lcarnitine and VPA in nonambulatory SMA subjects 2 to 8 years of age. Sixty-one subjects were randomized 1:1 to placebo or treatment for the first 6 months; all received active treatment the subsequent 6 months. The primary outcome was a change in the MHFMS (Modified Hammersmith Functional Motor Scale) score following 6 months of treatment. This study demonstrated no benefit from 6 months treatment. Weight gain, age, and treatment duration were clearly significant confounding variables. Post hoc analysis appeared to demonstrate potential benefit of treatment in the youngest children who received treatment over a 12-month period. Ideally, a phase 3 study focusing on an even younger cohort of children assessed over a full year would be desirable to further evaluate these observations. However, given that this medication is readily available for other uses, and other more potent agents may be on the horizon, such a study may prove challenging to realize.
Kissel et al. [41] reported the results of SMA CARNI-VAL Trial Part II, a prospective, open-label study of Lcarnitine and VPA in 33 ambulatory children ages 3 to 17 years, who were followed on treatment for a full year. The treatment regimen appeared safe and generally well tolerated, but weight gain was clearly a significant issue in a substantial proportion of participants. When considered in parallel with the apparent lack of improvement in motor function over a 12-month period of observation, enthusiasm for a phase 3 study, at least in this population, is low. However, this trial was extremely fruitful in demonstrating that the outcomes measures utilized, especially the MHFMS-Extend and the timed tests of motor function, were feasible, and were reliable and stable over a 12-month period, emphasizing their potential usefulness in ambulatory children with SMA across a wide age range.
Darbar et al. [42] reported their observations from an open-label trial of VPA in 22 patients with type II and III SMA, 2 to 18 years of age. Muscle strength and motor abilities were evaluated five times during a 1-year period. Motor function, as assessed using the HFMS (Hammersmith Functional Motor Scale), showed modest improvement in the type II cohort; other measures were largely stable. The open-label nature of this study and the heterogeneity of the population preclude any conclusions regarding efficacy, but further expand our experience with a variety of outcome measures in these populations.
Chen et al. [43] reported the results of a randomized, double-blind, placebo-controlled trial of HU in which 28 SMA type II and 29 SMA type II subjects were randomized to drug or matching placebo in a 2:1 ratio. Dosing was titrated to 20 mg/kg/day, and followed frequently over a period of 18 months. The drug was generally well tolerated, and aside from neutropenia, adverse events did not differ between treatment and placebo groups. There was no clear difference in the primary outcome measures of strength (Manual Muscle Test), motor function (Gross Motor Function Measure), or flSMN transcript levels between cohorts. This very well executed trial, in which HU was administered in a fairly large, well-characterized cohort of patients who were compliant with dosing over a sufficient time frame to observe potential beneficial effect, provides Class I evidence that HU 20 mg/kg/day does not clearly alter strength, motor function, or flSMN mRNA levels in SMA.
Recent studies have suggested that SMN expression can be enhanced in vitro by salbutamol, a β2-adrenergic agonist. Tiziano et al. [44] evaluated the in vivo efficacy of salbutamol on increasing SMN levels in a pilot study of 12 type II and type III SMA patients who received treatment continuously over a period of 6 months. A significant and consistent increase in flSMN transcripts was proportional to SMN2 copy number, suggesting that SMN2 dosage might predict the molecular response to treatment. Their data support consideration of salbutamol as a candidate for further assessment in a randomized, placebo-controlled phase 3 study.
New Tools and Outcome Measures for SMA Clinical Studies and Trials
Reliable outcome measures that reflect the underlying disease process and correlate with motor function in children with SMA are needed to better understand the natural history of disease progression and for use in demonstrating efficacy for new therapies. Currently, there is no single outcome measure that can assess the severity of the illness, provide prognostic information, document disease progression, and clearly respond to change. However, we highlight here progress in the continued identification and evaluation of promising outcome measures that are worthy of further investigation for use in the clinical care setting, the clinical trial setting, or both.
We described the performance of the ulnar maximum compound muscle action potential (CMAP) as an outcome measure for use in multicenter clinical trials in children with SMA ages 2 to 17 years, and evaluated the correlation between CMAP and gross motor function [55•] . CMAP proved reliable and easy to implement in the multicenter clinical trial setting, correlated well with motor function as measured using the MHFMS-Extend, and appears to have potential as a relevant surrogate for innervation and thus disease burden in patients with SMA. An evaluation of CMAP over time in individuals with SMA is ongoing and necessary to further understand this measure's utility in clinical and research settings.
Rutkove et al. [56] assessed the potential application of electrical impedance myography (EIM) in children with SMA. Preliminary results confirm that EIM can accurately distinguish patients with SMA type II from those with SMA type III. Because EIM requires no patient effort and is easy to apply, it has the potential to serve as a useful study outcome measure as well as an indicator of disease status in individuals with SMA. However, a significant limitation is the lack of change over time, at least as demonstrated in these initial studies. Additional studies are needed to further assess utility of EIM in SMA.
Sproule et al. [57] evaluated the potential use of MRI to assess muscle volume. Thigh muscle volume was assessed in 16 individuals with SMA types I, II, and III as young as 5 years of age. The documented reproducibility, tolerability, and strong correlation with clinical measures make MRI a candidate biomarker for clinical research. Additional longitudinal data are needed to confirm the reproducibility of their technique, as well as to document change over time in muscles of individuals with SMA. Pending further validation, MRI offers appealing potential as a biomarker and technique for assessing body composition in SMA in some settings.
Wu et al. [58] assessed the ability of quantitative ultrasound to evaluate muscles of 25 individuals with SMA types II and III, and compare between these two subtypes as well as with 21 normal subjects. Luminosity values for each muscle and the overlying subcutaneous fat were obtained, and a luminosity ratio was calculated by dividing the muscle by the subcutaneous fat luminosity. This ratio correlated well with strength, and discriminated between SMA type II and type III subtypes. Quantitative ultrasound is well tolerated, requires minimal time, and patient cooperation; therefore, it may be considered as a viable outcome measure in future SMA clinical trials.
Krosschell et al. [59• ] assessed the reliability of the MHFMS in children less than 30 months of age with SMA, to complement existing published data on the performance of this outcome measure in older children. Excellent test-retest stability of MHFMS scores in young children with SMA type II suggests that the MHFMS can be used reliably in a younger SMA population for clinical trials and follow-up [58] .
Montes et al. [60] performed a cross-sectional study using quantitative gait analysis during the 6-min walk test (6MWT), an increasingly popular measure of gross motor function and fatigue in ambulatory patients with SMA. Gait parameters of speed and dynamic balance were correlated with 6MWT distance in nine children and adults with SMA and nine controls. Gait analysis using the GAITRite system (CIR Systems, Havertown, PA) appeared to be a useful complement to the 6MWT and it offered a quantitative assessment of fatigue related changes in SMA.
New Information Relevant to Clinical Care in SMA
Obesity is a common problem in SMA and often directly contributes to a decline in function in older children and adults with ambulatory and nonambulatory forms of SMA. However, clinicians and even dietitians routinely underestimate the frequency and degree of obesity in their SMA patients. Plotting basic anthropometric measures (weight, height) on growth curves developed for use in healthy children often results in inaccurate and misleading information. Due to their almost universally substantially diminished lean body mass, children with SMA may have average fat mass even in the setting of significantly low weight for age. Dual-energy x-ray absorptiometry (DXA) is the gold standard for assessment of fat and lean body mass in clinical research. However, accessibility for its use clinically in assessing body composition may be limited at many centers. Sproule et al. [61] compared a painless and noninvasive method, bioelectrical impedance analysis, to the reference method, DXA, in 16 patients with SMA types II and III and proposed that bioelectrical impedance analysis may be of value as a screening tool for obesity in SMA.
Chatwin et al. [62] report their experience in SMA type I patients implementing a noninvasive respiratory care management protocol in the United Kingdom to control symptoms and facilitate care at home. They affirm previously published reports of the perceived benefit of using noninvasive positive pressure ventilation in facilitating the ability of parents to make informed care decisions in the outpatient setting [62] .
SMA patients gradually lose muscle strength and function over time [63] . Rehabilitative interventions provide a complementary approach to proactive nutritional and respiratory management to help delay or prevent secondary impairments including muscle contractures, to slow the progression of the disease, and to maintain, or potentially improve, strength and motor function. Rehabilitative interventions in SMA include physical therapy, occupational therapy, speech therapy, use of orthotics and other adaptive equipment, bracing, strengthening and balance exercises, stretching or range of motion, aquatic therapy, physical activity, and community participation. Published data largely remain limited to case studies in these areas. Instructive recent case reports worth reviewing include those by Salem and Gropack [64] and Cha et al. [65] . However, interventional and longitudinal studies to assess the feasibility and functional impact of exercise in SMA patients, as well as other interventions, are critically needed; two such studies are currently in progress (NCT01233817 and NCT01166022).
Conclusions
The exponentially increasing progress in basic and clinical research provides unprecedented therapeutic opportunity for patients with SMA. The most difficult questions moving forward are how to choose and optimize the most promising leads within the rapidly expanding therapeutic portfolio. The close collaboration between basic scientists, industry, advocacy organizations, the National Institutes of Health, and clinicians has been a critical factor in the efficient progress to date. As we enter 2012, we have an unprecedented opportunity to identify one or more effective therapeutic interventions for SMA. Clinical trials represent perhaps the most critical and defining aspect in the therapeutic development pipeline, and careful clinical trial design and broad consultation among clinicians and basic scientists working in the field will help to ensure success in effectively translating these exciting therapeutic opportunities to the clinic. 
